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Station Service Voltage Transformer (SSVT) is a special class of single-phase high voltage
instrument transformer with a power winding and optional metering winding at the secondary. The
SSVT is capable of being connected directly to the transmission line and providing 120 to 480 V
at the secondary power terminals and 115 V at the metering terminals. The power rating of the
secondary is normally anywhere from 25 kVA up to 333 kVA. The SSVT was initially developed
as a means to provide control power in a substation without the need for stepdown and distribution
transformers. Over time, the properties of the SSVT made it an ideal power source for many
different applications.
Today the SSVT is being installed in numerous applications around the world. Some
typical applications include but are not limited to: remote cell towers, transmission tower lighting,
oil and gas, mining projects, substation auxiliary power and rural electrification. In all of the listed
applications, it is still necessary to acquire accurate revenue metering for the power companies to
charge for power usage. In many cases this requires the installation of instrument transformers to
perform the metering. Unfortunately, the metering and power windings of the SSVT cannot be
operated simultaneously. When a load is applied to the power winding on the SSVT, a load current

is reflected back into the primary winding. This current generates a drop in voltage through the
primary reactance and resistance. It is these values which are reflected back into the metering
winding. The accuracy of the metering winding will fall out of acceptable limits when the voltage
drop is present.
This research proposes a new method to provide both power and accurate metering,
simultaneously, in a dual secondary SSVT. The accuracy of the metering winding remains
essentially unaffected by the load on the power winding if the load is less than the maximum rating
of the compensator. The result is a single transformer capable of replacing the functionality of two
separate transformers. This new approach will have a broad impact in the development of future
substation designs.
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CHAPTER I
INTRODUCTION
1.1

Background
The Station Service Voltage Transformer (SSVT) was originally developed as a means of

providing control room power in a substation without the need of a distribution transformer. The
SSVT is capable of being connected to transmission line voltage and providing 120/240 V output.
This eliminates the need for a large power transformer stepping down the voltage to feed a
distribution transformer which in turn would provide the required 120/240 V.
Later in its development, and based on requests from end users, metering windings were
added to the secondary winding along with the power windings. This would give the user the
choice of using the SSVT as either a power transformer or an instrument transformer.
Unfortunately, this was an “either or” scenario. The accuracy of the metering winding will rapidly
degrade as the load on the power winding increases. Normally this lack of simultaneous dual
purpose would not be an issue, but with the ever-changing use of the SSVT, it is becoming a greater
advantage to have this capability.
Having a SSVT with the capability of providing simultaneous power and metering would
vastly increase its usefulness in the electrical industry. Now, instead of needing a step-down
transformer, distribution transformer, and instrument transformer to provide reliable metered
power, a single SSVT will be able to accomplish the same task. This ability will be invaluable in

1

areas where there is not enough space to build a full substation and the cost restraints prevent the
construction.
This is where the voltage compensator comes into play. The voltage compensator is a
device capable of replicating the voltage that is lost in the primary and reflected back into the
metering winding when a load is placed across the power windings. The replicated voltage is then
inserted back into the metering windings, thus maintaining the accuracy of the transformer. The
voltage compensator will give the SSVT the ability to both the power windings and metering
windings simultaneously.
1.2

Problem Statement
With the ever-increasing use of the SSVT to supply power for rural electrification and

connections to renewable energy sources, it would be a major benefit to the end users to have the
availability of a SSVT which could provide both power and metering simultaneously. A SSVT is
traditionally designed with a secondary winding designed to provide various amounts of power at
a specific voltage. There are other designs of the SSVT that incorporate a metering winding into
the secondary along with the power winding. In the case of a SSVT with both power and metering
windings, placing a load across the power winding produces a current flow in the primary winding
that results in a primary voltage drop. This voltage drop is then reflected back to the metering
secondary winding. Consequently, the secondary voltage in the metering winding drops and shifts
in phase, depending on the load placed on the power winding and the primary impedance. This
can result in a large change in ratio and phase angle to the point of placing the metering secondary
considerably out of accuracy.
This dissertation describes the development of a voltage compensator, which when
connected to a dual winding SSVT, will result in a SSVT that is the equivalent of a power
2

transformer and a metering voltage transformer combined into one unit. This SSVT will replace
the functionality of two separate transformers, where one does not affect the other.
1.3

Motivation
The usefulness of the SSVT transformers has drastically expanded since its development.

Now, instead of solely being used to provide power to the control rooms in a substation, the SSVT
has found its place in areas such as [3]:
•

Rural Electrification

•

Transmission tower lightning

•

Remote cell towers

•

Oil and gas, mining projects and construction power

•

Defense and special application power

Regardless of which application the SSVT is used in, there is still the need to provide accurate
metering of the power being used. Under normal circumstances, this would require the installation
of instrument transformers to provide the accurate metering.
With the development of the Voltage Compensator, now the SSVT can be used as a
standalone substation. One transformer will be able to take transmission line voltage and transform
it down to usable 120/240 volts while at the same time provide accurate metering of the power
being supplied. This application will be especially beneficial in the area of rural electrification in
under developed countries where now a series of SSVTs will be able to electrify an entire village
without the need for the construction of a distribution substation.
1.4

Objective
The work in this dissertation covers the design of a voltage compensator, which, when used

in conjunction with a SSVT allows for the simultaneous metering and power output from a single
3

unit. To begin this study, it is vital to have a thorough understanding of instrument transformer
theory. This understanding must cover not only the design and operation of the instrument
transformer, but the performance requirements and testing methods as well. With this
understanding in mind, the following objectives must be met for this study:
•

Design of Voltage Compensator for 115 kV SSVT Rated at 100 kVA
Based on the data collected from the preliminary measurements, calculations will be made
for the components needed in the design of the voltage compensator.
1. Design of current transformer
2. Design of impedance

•

Prototype Build of Voltage Compensator
All of the component required for the construction of the voltage compensator will be
constructed based on the calculations obtained from Objective #1. The voltage
compensator will be constructed with the ability to be connected externally on an existing
SSVT for testing purposes. Future designs will be mounted internally in the SSVT.
1. Wind Current Transformer based on design in Objective #1.
2. Construct load impedance for current transformer.
3. Test Current transformer and load impedance to ensure it meets design specs.

•

Installation of Voltage Compensator in 115 kV SSVT
The constructed voltage compensator will be connected to the SSVT. For the external
connection, the compensator will have to mount over the secondary power winding bushing
and connect to the metering winding terminals.
1. Install current transformer and load impedance on the power bushing of the SSVT.
2. Connect the secondary leads of current transformer to the load impedance.
4

3. Attach load impedance in series with the metering winding.
•

Accuracy Test for 115 kV SSVT with Voltage Compensator
With the voltage compensator installed in the SSVT, accuracy measurements will be made
on the X1 – X3 terminals of the metering winding at 0, Y and Z burdens. While the
metering accuracy is being measured, the power winding will have a load applied to it. The
load will be increased in increments of 5 kVA from 0 kVA through 100 kVA on the power
winding. Results from the accuracy measurements will be plotted on the accuracy
parallelogram to ensure the accuracy remains within the 0.3 accuracy class as specified in
C57.13.
1. Measure accuracy of the metering winding with load applied simultaneously to
power winding.
2. Plot accuracy results on the parallelogram
3. Document results

1.5

Organization of the Thesis
This dissertation is organized into the following chapters:
Chapter 2 provides a background into the reasoning behind the development of the voltage
compensator for the SSVT transformer. The chapter also provides actual examples of the
SSVT in service where the voltage compensator would be a valuable addition to improve
it functionality.
Chapter 3 provides an in depth look at transformer theory. This theory is broken down into
three different areas of importance: basic transformers, instrument transformers and station
service transformers
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Chapter 4 outlines the problems that arise with a simultaneously loaded SSVT. To help
explain the problem, the different aspects of the SSVT performance are presented. These
aspects include: accuracy measurements and the various parameters involved, accuracy
acceptance criteria and the effects of simultaneous loading on accuracy performance.
Chapter 5 provides the steps for obtaining the initial measurements needed to proceed with
the development of the voltage compensator.
Chapter 6 describes the theory of operation of the voltage compensator and provides a
breakdown of the steps needed to design the voltage compensator. Details of the
construction of the voltage compensator are also provided.
Chapter 7 provides the measured accuracy results of a simultaneously loaded SSVT with
the voltage compensator installed.
Chapter 8 provides few concluding remarks about the usage of this research in the field
and its effect in developing countries.
Chapter 9 provides a look into future development projects for the SSVT combined with
the voltage compensator.
1.6

Contribution through Ph.D. Dissertation
The original contribution of this research is the development of a voltage compensator,

which when attached to a dual winding SSVT, will correct inaccuracies in the metering output
when the power winding is connected to a load. The compensator will be capable of being
retrofitted to existing transformers in service as well as installed in new production units. With the
addition of the voltage compensator, the SSVT will be capable of providing power and metering
simultaneously. In essence, one transformer will replace multiple pieces of equipment.
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CHAPTER II
LITERATURE REVIEW
2.1

Scope
SSVTs are a rather unique item in the world of transformers. Since its inception back in

the 1970s, its primary purpose has been supplying control power within substations. Since 2010,
the use of the SSVT has expanded into the areas of rural electrification and renewable energy. For
this proposal, recent publications that span the topic and directly related sub-topics are chosen for
review.
2.2

Expanding Beyond Station Service

Title: “Power Voltage Transformers – Expanding Beyond Station Service” [1]
Ziger et al provide a deeper understanding for the need of rural electrification in developing
countries around the world. Table 2.1 shows the amount of people based on regions around the
world without access to electricity. From this table it is shown that in some regions as much as
57% of the population is without access to electricity. A large number of these people live in areas
around existing transmission lines. This proximity to transmission lines provides the infrastructure
needed to implement the SSVT as a standalone substation.
Ziger also goes into a detailed description in the methodology of using the SSVT for rural
electrification. Fig. 2.1 presents an example of the component level description of a substation
based on a SSVT. This is but one possible design that could be used in rural electrification.
Multiple different layouts are possible based on the needs and funding available. One example
7

given of a rural electrification project showed the cost was approximately one-third the price of a
traditional substation.
Table 2.1

People without access to electricity by region
Region

Number of People (million)

Africa
China
India
Rest of developing Asia
Latin America
Middle East
Rest of the world

590
4
293
331
29
18
2

Figure 2.1

Share of Population in the
region (%)
57
0.3
25
31
6
9
0.03

SSVT based substation

Note: in the paper, the SSVT is referred to as a PVT, Power Voltage Transformer. This is a
common name for the SSVT in Europe.
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In addition to the cost benefits of using the SSVT as a standalone substation, there is also
the technical benefits of its use. In electrification, reliability is a critical consideration. The SSVT
is a very robust transformer which provides high momentary over-voltage protection and a
virtually maintenance free operation. With the simpler layout, there are also fewer components
within the substation, thus lowering the chances of component failure.
2.3

Development of Power Source for Rural Electrification

Title: “Development of a Power Source for Rural Electrification” [2]
D. Xu et al. provides an in-depth description of the method for using the SSVT as a means
of providing rural communities access to electricity from the existing transmission networks.
Going back to the conception of the SSVT back in the 1970’s, the SSVT was designed to be a very
reliable means of providing low voltage control power by transforming voltage directly off the
high voltage bus. The SSVT can be configured for a single-phase operation (Fig 2.2 left) or in a
three-phase bank (Fig. 2.2 right). The SSVT has the added advantage of having either a LV
secondary providing 120 – 480 volts or a MV secondary providing up to 7200 volts. The LV
provides power for local needs while the MV gives the ability to transmitting power up to 20 miles
away. This capability of the SSVT makes it an ideal candidate for operating as a standalone
substation.

9

Figure 2.2

SSVT installation configuration

One of the strong points of this paper is the detailed description of an actual site installation
using SSVTs as a standalone substation. The description goes into detail on the equipment and
ground space required for the installation and compares it to a conventional substation needed for
the same purpose. In a conventional 230 kV substation, approximately 2000 square meters would
be required for the installation of equipment. In comparison, a SSVT standalone substation would
only require approximately 250 square meters. In addition to the space savings, there is also a large
hardware savings involved. The number of required support structures drops from 21 to 4. Figure
2.4 shows the actual installation of a SSVT as a standalone substation.
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2.4

SSVT in Micro-grid

Title: “Alternative Power Source in Various Substation Applications” [3]
D. Xu et al. begins the discussion about using the SSVT in areas beyond its original purpose
of supplying control power to substations. In this paper, the authors show how the SSVT can be
used in areas such as:
•

Smart Grid

•

Rural Electrification

•

Renewable Energy

•

Cell Towers

•

Oil and gas exploration and mining projects

For the purpose of this proposal, the section on rural electrification presented some valuable
insight. Access to electricity is a fundamental need for human development. Yet, as of 2009,
estimates show that 1.3 billion people, or 20% of the world population, was still without access to
electricity. In the majority of these areas, high voltage transmission lines exist, but the funding or
space is not available for the construction of substations to distribute the electricity to the
surrounding people. Fig. 2.3 (a) shows a typical distribution scheme needed to supply power to
rural villages while (b) shows a method for supplying power to a village using a SSVT.

11

Figure 2.3

Rural Electrification Approach

An example of an actual installation of the SSVT as a standalone substation is given. Figure
2.4 shows the installation of a SSVT in the DR Congo. This installation used seven SSVTs to
provide power to seven rural villages. Without the availability of the SSVT, the cost of building a
full substation would have been out of reach of the people.

12

Figure 2.4

2.5

SSVT for Rural Electrification in DR Congo

SSVT in Renewables

Title: “Special Instrument Transformer for Renewable Energy and Rural Electrification” [4]
W. Sae-Kok et al. presents a good look into the usefulness of the SSVT in support of
renewable energy. The amount of electricity supplied by renewables energy is steadily increasing.
Out of the available sources of renewables, (wind, solar, thermal, hydroelectric, etc.), wind power
has become one of the most important. As of 2016, wind accounts for 370GW or 5% of the global
electricity demand. A majority of the windfarms are located in rural areas. Their location is usually
far away from a major distribution network. This leads to the necessity of substations being built
for the transmission of power to the distribution networks. In this application, the SSVT is the
perfect candidate for providing the control power needed to run the substation. Figure 2.5 shows a
typical wind farm substation with the SSVT feeding the control power.
13

The use of the SSVT is not limited to strictly wind farms. The same solutions can be used
for other types of renewable energy such as solar and thermal. This is due to the methods at which
they connect to the power grid.

Figure 2.5

2.6

Wind farm substation using SSVT to supply control power.

Literature Review Summary
All of the reviews presented above demonstrate the need for the SSVT in the areas of rural

electrification and renewable energy. In all of the cases presented, there was still the need for
metering capability within the substations. Typically, instrument transformers would supply this.
This proposal provides a method of incorporating a function into the SSVT which, to date, has not
existed. Giving the SSVT the ability to provide power and metering operations simultaneously
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will further expand the capability of the SSVT by reducing the need for extra metering
transformers.
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CHAPTER III
TRANSFORMER THEORY
3.1

Transformers
The SSVT is a unique transformer. It combines various aspects of both distribution

transformers and instrument transformers. Before any work on developing the voltage
compensator can commence, it is essential to understand the basic theory of transformer operation
and the special application of instrument transformers. The transformer theory is needed to explain
the relationship between the windings of the transformer and how this relationship effects the
operation of the SSVT.
3.1.1

Basic Transformer Theory
A transformer is ‘‘a static device consisting of a winding, or two or more coupled windings,

with or without a magnetic core, for inducing mutual coupling between circuits. Note:
Transformers are exclusively used in electric power systems to transfer power by electromagnetic
induction between circuits at the same frequency, usually with changed values of voltage and
current.’’ [5] The transformer generally consists of two windings wound upon an iron core. The
winding which is connected to the A.C. power source (supply) is referred to as the primary and
the winding in which the voltage is induced is referred to as the secondary. Fig. 3.1 illustrates the
basic fundamental electrical characteristics of a transformer.

16

Figure 3.1

Basic Transformer

The primary and secondary winding, of np and ns turns respectively, both share a common
magnetic core. A sinusoidal voltage, Ep, is placed across the primary winding resulting in a current,
Ip. This current creates a corresponding flux, ɸ, within the core. This flux which links both
windings varies sinusoidally with time as well. Therefore:

flux ɸ = ɸm sin(wt)

(3.1)

According to Faraday’s Law [6], a voltage will be generated when a conductor cuts
magnetic lines of force. This induced electromotive force (emf) will be proportional to the rate of
charge of flux and the number of series conductors. Since the flux is varying, lines of force will be
cut by the primary and secondary windings, thereby resulting in induced voltages. These voltages
will be proportional to the product of turns (series conductors) and rate of change (derivative) of
magnetic flux. Therefore, the voltage induced in the secondary winding will be [7]:
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Es = -ns (dɸ/dt) volts
= -ns (d/dt) (ɸm sin(wt)) volts
= -ns w ɸm cos(wt) volts
Es= -2π f ns ɸm cos(wt) volts

(3.2)

where w = 2πf

The peak value of the voltage will occur when cos(wt) = 1.0. Therefore, the peak secondary voltage
will be:

Es= 2πf ns ɸm volts (peak)

(3.3)

The rms value will be equal to the value of the peak voltage divided by √2.

E s=

2𝜋
√2

f ns ɸm volts
(3.4)

= 4.44 f ns ɸm volts (rms)
Since the flux density B=ɸ/A or ɸ=BA then:

Es = 4.44 f ns BmA volts

Where f = frequency in Hz
Bm = peak flux density in Tesla
A = cross-sectional area of the magnetic circuit in square meters.
Similarly, the voltage induced in the primary winding is:
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(3.5)

Ep = 4.44 f np BmA volts

(3.6)

The ratio of the primary voltage to the secondary voltage is:

Ep / Es = (4.44 f np BmA) / (4.44 f ns BmA) = np / ns

(3.7)

Since the same flux ideally cuts both windings as the result of a common magnetic core, the same
voltage is induced in each turn of both windings. Therefore, the total induced voltage in each
winding is proportional to its number of turns. Hence, the voltage ratio is indeed equal to the turns
ratio in an ideal transformer.
It should be noted that an ideal transformer is understood to have no losses, contrary to the
situation in a real transformer. The applied terminal voltage on the primary winding in most real
transformers is slightly greater than the induced primary voltage due to the internal voltage drops.
Since it is assumed that the ideal transformer has no losses, the power input to the
transformer should be equal to the power output. Hence, the following relations can now be
derived:

Power input Pi = EpIp cosφ

(3.8)

Power output Po = EsIscosφ Pi = Po

(3.9)

Therefore:
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EpIp = EsIs
Ep / Es = Is / Ip
n p / ns = I s / I p

(3.10)

Where (Ep / Es = np / ns)

It is apparent from the above equation that the current ratio equals the inverse turns ratio
in an ideal transformer. This relationship can be derived from the fact that both windings must
have the same magnetomotive force or ampere-turns according to the principals of Lenz’s Law
[6]. That is, the flux produce by the secondary current will oppose a change in the flux resulting
from primary current. Since the current, hence the flux, varies sinusoidally, the net flux in the core
will be zero in an ideal situation. Therefore, the primary and secondary magnetomotive forces are
equal in an ideal transformer. Hence,
Ipnp = Isns
np / ns = Is / Ip

As a result of the transformers ability to change voltage and current, it has the additional
characteristic of impedance transformation. The impedance transformation can be derived from
the voltage and current ratios previously deduce as shown below.
(Ep / Es) / (Ip / Is) = (np / ns) / (ns / np)
(Ep / Es)( Is / Ip) = (np / ns) (np / ns)
(Ep / Ip)( Is / Es) = np2 / ns2
2

(Ep / Ip) = (np / ns) (Es / Is)
∴ Zp = N2Zs

Where N = (np / ns) and Z = (E / I)
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(3.11)

The primary side of the ideal transformer, therefore, experiences a reflected impedance from the
secondary equal to the secondary load impedance times the square of the turns ratio. Conversely,
the secondary will observe an equivalent impedance equal to the inverse square of the turns ratio
times the primary applied impedance.
In a real transformer, the relationship previously discussed still holds, but not in the exact
manner stated. Certain properties must be considered which were formally omitted in the case of
the ideal transformer. In discussing the ideal transformer, it was assumed that all the flux generated
linked both primary and secondary turns entirely. In reality, some of the magnetic lines of force
are shunted through the air or surrounding medium, thereby linking only one winding and
bypassing the other. This leakage flux is a result of the fact that there is no true magnetic insulator
available, but only high reluctance substances. Most of the flux will flow through the low
reluctance path of the core rather than the high reluctance surroundings, much in the same way
most current will flow through a low resistance path rather than a high resistance shunt.
The effect of leakage flux on the transformer is to produce an inductive reactance in the
primary and secondary windings. Since both windings create a flux, therefore, both have the
associated leakage reactance. The voltage drops resulting from these reactances are 90̊ leading
their respective currents as shown in fig. 3.2 [7]. It should be noted that leakage flux is frequently
minimized by winding one winding on top of the other. The leakage reactance is represented in
fig. 3.3 by a series inductance in the primary and secondary equivalent circuit [7].
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Figure 3.2

Phasor Diagram of the Basic Transformer

Depending on the gauge and length of wire used, there will be a certain amount of
resistance in the winding. The value of the resistance will also be dependent upon the frequency
of the applied voltage or current due to the skin effect and temperature. The voltage drop produced
by the winding resistance will obviously be in phase with the respective primary and secondary
currents as shown in the phasor diagram in fig. 3.2. The winding resistance is represented in fig.
3.3 by a resistor in series in the primary and secondary equivalent circuits.
The current, which flows in the primary winding when the secondary is open circuited, is
known as the excitation current. It is made up of two components, the magnetization component
and the core loss component. The former is in phase with the flux, whereas the latter is in phase
with the induced voltage as shown in fig. 3.2. The magnetizing component serves to overcome the
reluctance of the magnetic circuit. Since this component of current produces the magnetic flow, it
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is reasonable that it should be in phase with the flux. The core loss component overcomes the
losses due to hysteresis and induced eddy currents within the core. Since this loss is electrically
equivalent to a resistance, it is in phase with the induced voltage. Like a resistance, the energy loss
appears as heat in the magnetic circuit.
It was mentioned previously that the primary ampere-turns must equal the secondary
ampere-turns in an ideal transformer. In the real transformer, the ampere-turns are not exactly
equal as a result of the excitation current. The following relationship, therefore, holds:

Ipnp = Ionp + Isns

(3.12)

It is apparent that there is a loss in emf as a result of the excitation current. Usually in a
well-designed transformer, the excitation current is relatively small. In the equivalent circuit
shown in fig. 3.3, a parallel inductance and resistance for the magnetization and core loss
components respectively represent the excitation current losses.
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Figure 3.3

Equivalent Circuit of a Basic Transformer

Figure 3.4

Equivalent Circuit of a Basic Transformer Referred to the Primary

Illustrated in fig. 3.3 and 3.4 are two equivalent circuits for the basic transformer. Fig. 3.3
shows the equivalent winding resistances, Rp and Rs, in series with the leakage reactances, Xp and
Xs, in the respective windings. The primary winding is shunted by the core loss resistance and
magnetization reactance equivalents to account for the excitation current. It should be noted, in
order to avoid confusion, the transformer symbol shown in fig. 3.3 represents an ideal transformer
whereas the entire circuit, excluding voltage source and load, represents the real transformer
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equivalent. The ideal transformer merely performs the turns ratio transformation as previously
described. Figure 3.4 excludes the ideal transformer and instead incorporates the actual reflected
component values of equivalent impedance as encountered at the primary terminals. Usually the
excitation impedance is large enough to be neglected. The total impedance of the transformer may
be obtained by merely summing the resistances and reactances. Similarly, the transformer, as
encountered in the secondary circuit, can be reduced to a single voltage source and series
impedance.
3.1.2

Instrument Transformer Theory
Referring to the phasor diagram in Figure 3.5 [8], it becomes apparent that the voltage

transformer possesses all the characteristics of the basic transformer discussed in the previous
Basic Transformer Theory section. Included in the diagram are voltage drops as a result of
resistances on both primary and secondary sides.
The applied voltage Vp for instance, is decreased by the voltage drops incurred as a result
of the resistance and leakage reactance of the primary winding to the value Ep. This voltage is the
effective primary potential which determines the induced voltage E s on the secondary side
according to the turns ratio. The induced secondary voltage E p, however, does not appear across
the secondary terminals of the transformer. Its value is also decreased by voltage drops incurred
by the secondary resistance Rs and leakage reactance Xs. Therefore, Vs finally appears at the
secondary terminals.
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Figure 3.5

Phasor Diagram of a Potential Transformer

This voltage will be read by the voltmeter, provided there are minimal voltage drops
resulting from contact and lead resistances. If, however, long leads are required to convey the
secondary voltage to a distance voltmeter, additional drops (I sRL) will occur and an even smaller
voltage VB will be used. Therefore, in order to retain a true representation of the primary voltage,
the secondary leads should be as short as possible.
Examining the phasor diagram further reveals that there is a loss in the secondary current
(refer to Figure 3.2) as a result of the excitation current Io. The excitation current varies according
to the flux which is directly proportional to the applied voltage. Since the applied voltage will be
essentially constant, the excitation current will also incorporate, because of the current loss, a
further deviation from the ideal secondary voltage. It is desirable, therefore, that the excitation
current be minimized in a voltage transformer. Hence, the perfect voltage transformer could be
described as one without the losses that cause the secondary voltage to stray from the nominal
ratio. It should become apparent at this point that the ideal voltage transformer is indeed the same
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as the ideal transformer described in the Basic Transformer Theory section. Since zero losses are
never truly attained, the instrument transformer is usually designed with minimizing the secondary
current losses.
One method of decreasing the losses is to reduce the secondary current flow to zero in the
voltage transformer. Obviously, this cannot be done entirely since the measuring instrument is
bound to have a finite load or burden on the transformer. The situation can be improved by
choosing an instrument with a low burden so as to reduce the voltage drops causing the undesirable
deviation. A low burden, (a small load) would require, in the case of a voltage transformer, a high
impedance device. Since the current causes voltage drops across the equivalent series impedance
of the primary and secondary, best results are obtained generally with the secondary open-circuited
(zero burden). It should be noted that, in addition to producing a deviation from the nominal ratio,
these undesirable potential losses also cause a shift in phase of the secondary voltage in relation to
the primary voltage. This can be especially important in the measurement of power and energy.
The true ratio of a voltage transformer is the actual ratio of the voltage transformation; that
is, the ratio of the primary terminal voltage to the secondary terminal voltage [8]. Generally, the
true ratio must be specified for one specific burden, since the terminal voltage ratio will change
for different loads. Usually the true ratio is approximately equal to the nominal ratio, varying only
by no more than a fraction of a percent in an acceptable voltage transformer. As an example, the
marked or nominal ratio of a potential transformer could be 100/1 whereas the true ratio of the
same transformer could be 100.15/1 under specific conditions. If this transformer is to be used
under these conditions, and a high degree of accuracy is desired, it would be necessary to
incorporate the appropriate correction factor. That factor by which the nominal voltage must be
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multiplied, in order to obtain the true ratio, is referred to as the ratio correction factor (RCF).
Therefore:

True Ratio = marked ratio * RCF

(3.13)

RCF = True Ratio / marked ratio

(3.14)

From the example above:
True Ratio = 100, marked ratio = 100.15 Therefore; RCF = 100.15 / 100 = 1.0015
It can be seen that the RCF is equal to the quotient of the true ratio divided by the marked ratio.
Since the true ratio changes as a result of change in burden or voltage, so does the RCF.
Therefore, the RCF is only relevant for one specific burden using rated primary voltage. It is
apparent from the phasor diagram that the RCF for that specific voltage transformer would have
to include the lead resistance if it were intended to be used in conjunction with a distance voltmeter.
The phase angle (PA) of a potential transformer is the angular displacement between the
primary terminal voltage vector Vp and the reversed secondary terminal voltage vector –Vs [8].
This angle is considered positive when the reversed secondary voltage phasor leads the primary
voltage phasor. With reference to Figure 5, the phase angle is shown as the angle ɤ. Ideally, the
secondary voltage Vs would be exactly 180 ̊ out of phase with the primary applied voltage Vp,
thereby resulting in the phase angle, between reversed secondary and primary voltages, equal zero.
This is not the usual precise case; hence, compensation must be made for measurements since
“uncorrected phase shift can cause errors where exact phase relations must be maintained.” [9]
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This is primarily true for power measurements where there is a phase shift contributed by both
current and voltage transformers.
As with the true ratio, the phase angle for any voltage transformer varies with primary
voltage, frequency, waveform and burden. Under ordinary conditions, the voltage, frequency and
waveform remain approximately constant, therefore, the phase angle is mainly dependent on the
burden. It can then be said that the phase angle of a voltage transformer is not a single value, but
changes with different loads which explains why it must be associated with a specific burden.
3.1.3

SSVT Theory of Operation
The SSVT is an inductive voltage transformer used as a source of control power within a

substation. IEEE Std. 1818 defines the SSVT as “a transformer that supplies power from a station
high-voltage bus to the station auxiliaries and also the unit auxiliaries during unit startup and
shutdown, or when the unit auxiliaries transformer is not available, or both” [10]. The basic design
of the SSVT is a hybrid combination between an instrument and distribution transformer –
“characteristics of a voltage transformer with convenient power capability” [10] (see Fig. 3.3).
This design allows it to be connected between phase and ground on a grounded neutral
transmission network at voltages ranging from 46 kV to 500 kV and provide output power from
10 kVA – 333 kVA in the medium voltage (MV) and low voltage (LV) range. This eliminates the
need of having a step down and distribution transformer to accomplish the same task. The internal
design of a SSVT incorporates features of both an instrument transformer and a distribution
transformer. The graded inner bushing, designed to minimize electric field distribution, allows
connection to high voltage transmission lines. The coil assembly is based on an instrument
transformer, which provides the large ratios needed to step the voltage down from high voltage
(HV) transmission level to MV or LV levels with typical overvoltage factors of 1.25. The heavy
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gauge secondary winding and large distributive gap (DG) cores, based on distribution
transformers, provides the current carrying capability to supply the high-power rating [11].
SSVTs have the ability of being designed with a single or dual power winding. With the
single power winding, the output is set at one voltage. When supplied with dual windings, the
secondary can be wired in either a series or parallel connection. This gives a SSVT the ability to
have multiple output voltages at the secondary. SSVTs also have the ability to be designed with a
metering winding in addition to the power windings. The downside of the power / metering
winding combination is that the power and metering windings cannot be used simultaneously [11].
The limits of the accuracy for the metering winding is defined in IEEE C57.13 and places
upper and lower boundaries for the Ratio Correction Factor (RCF) and the phase angle (γ) [12]. In
the case of a SSVT being connected simultaneously for both power and metering outputs, placing
a load on the power winding creates a flow of current in the primary winding. This in turn results
in a voltage drop across the primary. This voltage drop is reflected back to the metering secondary
winding which consequently causes the secondary voltage to drop and shift phase. This can result
in changes in the RCF and γ, which will cause the accuracy to fall outside the set boundaries.
Therefore, the SSVT must be connected for either power or metering output [11].
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CHAPTER IV
PROBLEM ANALYSIS
When a SSVT is used for metering while having the power winding simultaneously loaded,
the accuracy of the metering winding is drastically affected. This is the whole premise for the
development of the voltage compensator to counter act this phenomenon. Accuracy measurements
are a critical component in the development of a voltage compensator. The performance of the
compensator is ruled by the accuracy requirements imposed on the SSVT by standard C57.13.
Therefore, it is crucial to understand exactly what is meant when discussing the accuracy of the
transformer and how the simultaneous loading of the power winding affects the accuracy.
4.1

Accuracy of Instrument Transformer
There are two requirements which must be considered when discussing the accuracy of a

transformer. These requirements are: accuracy classes and standard burdens. With both the
accuracy class and standard burden known, the accuracy rating of the transformer can be assigned.
Standard C57.13 presents the requirements for metering accuracy in a voltage transformer.
4.1.1

Accuracy classes for metering
The accuracy class of an instrument transformer defines the limits for the RCF and phase

angle (PA) [12]. The accuracy class is also based on the requirements that the RCF of the
transformer must reside within the specified limits when the lagging power factor of the load is
between 0.6 and 1.0 [12]. Table 4.1 list the accuracy classes which can be assigned to an instrument
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transformer. The accuracy class of the transformer is listed in terms of percentage. Therefore, if a
transformer has an accuracy class of 0.3, the RCF of the transformer can be within the range of +/0.3% of unity. This means the RCF of the transformer can be between 0.9970 and 1.0030.
Table 4.1

Standard accuracy classes for voltage transformers [12]
Metering
Accuracy
Class

Voltage Transformers (at 90% to 110% rated voltage)
Minimum

Maximum

0.15

0.9985

1.0015

0.3

0.9970

1.0030

0.6

0.9940

1.0060

1.2

0.9880

1.0120

It should be noted that the accuracy class is valid only for voltages between 90% to 110%
of rated voltage and a burden between zero and the specified standard burden [12].
The accuracy of the transformer is broken down into the different classes as shown in Table
4.1 and is based on the load or “burden” applied to the transformer at the time of test. Table 4.2
lists the different standard burdens that are used for accuracy measurements. A typical accuracy
designation for a voltage transformer would be 0.3ZZ, which would indicate that the transformer
must meet the requirements of table 3 with a 400VA burden applied across the secondary winding.
4.1.2

Standard burdens
When a load is placed across the secondary terminals of a transformer, it is referred to as a

“burden”. Standard C57.13 list a series of standard burdens which may be applied to any
instrument transformer. These burdens typically represent the impedance of the meters, including
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the leads, which are connected to the transformer. The burden is not limited to meters alone, it can
be other electrical devices as well. Table 4.2 gives the list of standard burdens and their
characteristics.
Table 4.2

Standard burdens for voltage transformers [12]
Characteristics on standard
burden

4.1.3

Characteristics on 120 V basis

Designation

VA

Power Factor

Resistance
(Ω)

W
X
M
Y
Z
ZZ

12.5
25
35
75
200
400

0.1
0.7
0.2
0.85
0.85
0.85

115.2
403.2
82.3
163.2
61.2
30.6

Inductance
(H)

Impedance
(Ω)

3.04000
1.09000
1.07000
0.26800
0.10100
0.05030

1152
576
411
192
72
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Accuracy ratings
Every instrument transformer is assigned an accuracy rating. This accuracy rating

determines the accuracy class of the transformer and for which standard burdens the accuracy will
be valid. A typical accuracy rating would be shown as 0.3Z indicating the transformer has an
accuracy class of 0.3 and a maximum allowable rated burden of Z. If the burden connected to the
transformer exceeds the Z rating, the 0.3 accuracy is no longer guaranteed.
There are three different ways in which the accuracy rating may be listed:
•

The accuracy class will be listed for the maximum burden for which it is rated. This
implies that the accuracy class is maintained for all burdens lower than the rated;
e.g., 0.3Z implies the transformer will meet 0.3 accuracy at 0, W, X, M, Y and Z
burdens.
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•

The transformer can have different accuracy classes at different burdens. In this
case, each accuracy class and its rated burden will be listed as follows: 0.3Y, 0.6Z,
and 1.2ZZ.

•

The accuracy class may be shown at a specific burden, such as 0.3 @ Y, where the
accuracy class is not guaranteed for other burdens unless specifically stated. [12]

4.1.4

Accuracy acceptance criteria
To determine if a transformer meets the requirements of the accuracy rating, the output of

the metering winding must be measured against a standard of known accuracy (SNA) which has
the same ratio as the transformer under test (TUT). The SNA is a specialized voltage transformer,
usually with multiple secondary taps, whose ratios have been confirmed by a national laboratory.
To accomplish the accuracy measurements, both the TUT and SNA are energized from a common
source. Figure 4.1 provides an example of a SNA and a TUT.
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Figure 4.1

Example of a Standard of Known Accuracy (SNA) and a Transformer Under Test
(TUT)

A rated burden is connected in parallel across the secondary terminals of the TUT. The
secondary outputs of both the TUT and SNA are connected to an accuracy measurement device
(AMD). Once everything is connected and the system is energized to rated voltage, the AMD will
calculate the difference in ratio and phase angle between the TUT and the SNA and display the
results. The difference in ratio is described as the Ratio Correction Factor (RCF) and the phase
angle (PA) is indicated in minutes. Figure 4.2 shows the test set up for performing accuracy
measurements.
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Figure 4.2

Diagram showing connections for accuracy measurements

After the AMD has calculated the RCF and PA, it must be determined if the data points
fall within the required accuracy range. To accomplish this, an accuracy parallelogram is created.
The area of the parallelogram contains all of the data points that meet the required accuracy for a
specific class. Figure 4.3 shows an accuracy parallelogram covering 0.15, 0.3 and 0.6 accuracy
classes.
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Figure 4.3

Accuracy parallelogram for voltage transformer

Once the RCF and PA data is collected from the AMD, it is plotted on the accuracy
parallelogram to determine if the TUT meets the accuracy requirements. To provide an example
of the accuracy parallelogram in use, two TUTs with an accuracy rating of 0.3Z were measured
for accuracy and the results are shown in Table 4.3. This data is then plotted on the accuracy
parallelogram. Figure 4.4 shows the data plots for the two TUTs.
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Table 4.3

Figure 4.4

RCF / PA data
TUT #

RCF

PA

1

1.0008

-2.5

2

1.0035

-10

Sample accuracy plots

It can easily be seen that TUT #1 falls within the parallelogram while TUT #2 resides
outside of the parallelogram. Therefore; TUT #2 fails the accuracy requirement.
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4.2

Effects of Simultaneous Loading on Accuracy
Figure 4.5 shows the circuit diagram for a SSVT with a load applied across the power

winding. When a load is applied across the power winding of the SSVT, the load current of the
power winding, IL, is seen by the primary winding as the as the reflected load I’L based on the turns
ratio Np / N1.

Figure 4.5

Circuit diagram for SSVT with loaded power winding

Assuming Io and Im are negligible:

𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝐿𝑜𝑎𝑑 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝐼 ′ 𝐿 = (

𝑁𝑝
) × 𝐼𝐿
𝑁1

(4.1)

This current, I’L, generates a voltage drop across the reactance and resistance of the primary
winding that is reflected into the metering winding. These reflected voltages, V’R1 and V’X1, are
based on the turns ratio Nm / N1.

𝑃𝑟𝑖𝑚𝑎𝑟 𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑒 𝐷𝑟𝑜𝑝 𝑉𝑅1 = 𝐼′𝐿 × 𝑅1 = (
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𝑁𝑝
) × 𝐼𝐿 × 𝑅1
𝑁1

(4.2)

𝑁

Voltage reflected to metering winding: 𝑉′𝑅1 = ( 𝑁𝑚 ) × 𝑉𝑅1
1
𝑁𝑝
𝑁𝑚
= ( ) × ( ) × 𝐼𝐿 × 𝑅1
𝑁1
𝑁1
𝑁𝑚 × 𝑁𝑝
=(
) × 𝐼𝐿 × 𝑅1
𝑁12

(4.3)

Similarly:

𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝑅𝑒𝑎𝑐𝑡𝑖𝑣𝑒 𝐷𝑟𝑜𝑝 𝑉′𝑋1 = (

𝑁𝑚 × 𝑁𝑝
) × 𝐼𝐿 × 𝑋1
𝑁12

(4.4)

The reflected voltage drop incurred in the metering winding causes the RCF and PA to
change. As the load is increased on the power winding, the change in RCF and PA increases as
well. Eventually the change is large enough that it causes the accuracy to fall outside the limits of
the accuracy class.
The phasor diagram shown in figure 4.6 illustrates the change in the metering voltage based
on the load applied to the power winding and the effect of adding the compensating voltage.
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Figure 4.6

Phasor diagram of metering voltage
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CHAPTER V
INITIAL MEASUREMENTS
5.1

Accuracy Measurements
To begin the research, it was necessary to determine the actual effects on the accuracy of

the metering winding when the power winding has a load simultaneously applied to it. For this
purpose, a 115-kV class SSVT with a 100-kVA rated power winding and 0.3Z accuracy class
metering winding was chosen as the TUT. With the transformer chosen, accuracy measurements
on the metering winding were taken with no load applied to the power winding and with a load
applied to the power winding. This was accomplished in the following steps:
▪

Measure accuracy of metering winding with 0, Y and Z burdens applied and no
load applied to the power windings.

▪

Plot the accuracy results and determine degree of accuracy error.

▪

Apply load to the power winding in increments of 5 kVA from 0 to 100 kVA and
measure the accuracy of the metering winding with 0, Y and Z burdens applied at
each load point.

▪
5.1.1

Plot the accuracy results and determine degree of accuracy error.

Accuracy Measurement with No-load Applied Across Power Winding
The TUT was connected to the accuracy measurement circuit as shown in figure 5.1. The

power winding was open circuited and the metering winding was connected to a variable burden.
After the connections were made, the primary windings were energized to 69 kV. With the primary
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winding energized to 69kV, the RCF and PA were recorded with no burden across the metering
winding, Y burden across the metering winding and Z burden across the metering winding.

Figure 5.1

Accuracy circuit with no load across power winding

Table 5.1 shows the accuracy measurements recorded at each burden.
Table 5.1

Metering winding accuracy with no-load applied to power winding
Burden
0 - VA

Y - 75 VA

Z - 200 VA

Load
(kVA)

RCF

PA

RCF

PA

RCF

PA

0

0.9987

-0.1

0.9990

-0.4

0.9993

-0.8

The next step was to plot the accuracy measurements on the accuracy parallelogram to
determine if they all meet the requirements of the accuracy class. Figure 5.2 shows the
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parallelogram with the results for the no-load test plotted. As can be seen from the plot, accuracy
is met for 0, Y and Z burdens with no load across the power winding.

Figure 5.2

5.1.2

Metering winding accuracy with no load across power winding

Accuracy Measurement with Load Applied Across Power Winding
Accuracy testing with power winding loaded was performed in the same manner as

described in section 5.1.1 with one difference. In place of no load being applied to the power
winding, a Mosebach X200 load box (see figure 5.3) was used to apply the VA load to the power
winding. Figure 5.4 details the circuit for the accuracy measurement at 0, Y and Z burdens on the
metering circuit with a load placed across the power winding.
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Figure 5.3

Mosebach X200 load box used to apply VA load to power winding

Figure 5.4

Accuracy circuit with load across power winding
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Table 5.2

Metering winding accuracy with load applied to power winding
Burden
0 - VA
Load
(kVA)
1
5

Y - 75 VA

Z - 200 VA

RCF

PA

RCF

PA

RCF

PA

0.9997
1.0038

-19.4
-96.9

1.0000
1.0041

-19.7
-97.2

1.0003
1.0044

-20.0
-97.6

With the accuracy measured, the next step was to plot the data to determine if the accuracy
requirements were still met. Figures 5.5 through 5.6 show the parallelogram with the data from the
load measurements plotted.

Figure 5.5

Metering winding accuracy with 1 kVA load across power winding
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Figure 5.6

Metering winding accuracy with 5 kVA load across power winding

It is easy to see from the parallelograms that even a load as low as 1kVA across the
power winding is enough to place the metering winding out of accuracy. Thus, proving the
detrimental effects of simultaneous loading on accuracy measurements. All of the measured data
points from 0 to 100kVA can be found in Appendix A1.
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CHAPTER VI
VOLTAGE COMPENSATOR
6.1

Theory of Operation
Section 4.2 has shown how the voltage drop across the primary winding due to the loading

of the power winding effects the accuracy of the metering winding. It has been conceived that the
design of the voltage compensator would involve the duplication of the voltage drop incurred in
the primary winding impedance, due to the loading on the power winding, that gets reflected back
into the metering winding. This duplicated voltage could be reinserted into the metering winding
circuit, thereby effectively negating the voltage drop incurred by the load of the power winding.
6.2

Design
The voltage compensator would consist of a current transformer with its primary leads

attached to the power winding via a series connection and its secondary winding connected across
an impedance that is in series with the metering circuit. Figure 6.1 shows the circuit diagram of
the voltage compensator.
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Figure 6.1

Voltage compensator

The current transformer and impedance are designed to align with the turns and reflected
primary impedance characteristics of the transformer being utilized, to produce the required
compensating voltage. The primary turns of the current transformer receives current from the
power winding, steps the current down and feeds it through the impedance that, in turn, creates a
voltage. It is this voltage applied in series to the metering winding that performs the critical
compensation. Figure 6.2 shows the circuit diagram of a SSVT with the voltage compensator
inserted into the circuit.
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Figure 6.2

SSVT circuit diagram with voltage compensator inserted

The voltage compensator corrects for the load on the power winding and is independent of
the load on the metering winding. In order to simplify the analysis, it shall be assumed that the
metering winding is open-circuited, hence zero current is flowing through the metering winding.
The error voltage, ΔV1, which the voltage compensator tries to erase, is created by the voltage drop
across the primary impedance created by I1, the primary current. This current is composed of
mainly reflected load current 𝐼𝐿′ and excitation current I0.

𝐼1 = √(𝐼𝐿′ cos 𝜃𝐿 + 𝐼𝑜 sin 𝜀)2 + (𝐼𝐿′ sin 𝜃𝐿 + 𝐼0 cos 𝜀)2

(6.1)

𝐼𝐿′ sin 𝜃𝐿 + 𝐼0 cos 𝜀
]
∝1 = arctan [ ′
𝐼𝐿 cos 𝜃𝐿 + 𝐼0 sin 𝜀

(6.2)

Where
𝑋 ′ +𝑋 +𝑋

𝜃𝐿 = 𝑎𝑟𝑐𝑡𝑎𝑛 (𝑅1′ +𝑅𝑝 +𝑅𝐿 )
1

𝑝

(6.3)

𝐿
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𝑍1 = √𝑋12 + 𝑅12

(6.4)

Error voltage

ΔV1 = I1 Z1

(6.5)

In order to derive the accuracy of the compensated VT, it is necessary to initially calculate
the accuracy of the VT without compensation. That is, one needs to know the relationship with
respect to magnitude and phase to V1’ to the voltage Em.
Figure 6.3 shows the phasor diagram for the SSVT with the power winding loaded.

51

Figure 6.3

Phasor diagram of SSVT with power winding loaded

To calculate Em, E1 needs to be derived. Referring to the phasor diagram in Figure 6.3, and
using the law of cosines [13], E1 can be calculated as follows:
𝑉12 = 𝛥𝑉12 + 𝐸12 − 2∆𝑉1 𝐸1 cos [180 − (𝜃1 −∝1 )]
𝑉12 = 𝛥𝑉12 + 𝐸12 − 2∆𝑉1 𝐸1 [−cos (𝜃1 −∝1 )]
𝑉12 = 𝛥𝑉12 + 𝐸12 + 2∆𝑉1 𝐸1 cos (𝜃1 −∝1 )
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(6.6)

Re-arranging the equation and solving for the quadratic equation:

𝐸12 + 2∆𝑉1 cos(𝜃1 −∝1 ) 𝐸1 + 𝛥𝑉12 − 𝑉12 = 0

𝐸1 =

(6.7)

−(2∆𝑉1 cos(𝜃1 −∝1 ) ± √[2∆𝑉1 cos(𝜃1 −∝1 )]2 − 4(1)(∆𝑉12 − 𝑉12 )
2(1)

= −2∆𝑉1 cos(𝜃1 −∝1 ) ± √4∆𝑉12 𝑐𝑜𝑠 2 (𝜃1 −∝1 ) − 4(∆𝑉12 − 𝑉12 )
2
(6.8)
−∆𝑉1 cos(𝜃1 −∝1 ) ± √∆𝑉12 𝑐𝑜𝑠 2 (𝜃1 −∝1 ) − (∆𝑉12 − 𝑉12 )
𝐸1 = √∆𝑉12 𝑐𝑜𝑠 2 (𝜃1 −∝1 ) − ∆𝑉12 + 𝑉12 − ∆𝑉1 cos(𝜃1 −∝1 )
Where
𝑋1
)
𝑅1

𝜃1 = 𝑎𝑟𝑐𝑡𝑎𝑛 (

(6.9)

With E1 known, Em can be obtained based on the volts per turn.

𝐸𝑚 = (

𝐸1
)𝑁
𝑁1 𝑚

(6.10)

The uncompensated RCF can be found by dividing the product of the primary terminal
voltage V1 divided by the nominal ratio, NR, by Em.

𝑅𝐶𝐹 = (

𝑉1
) /𝐸𝑚
𝑁𝑅
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(6.11)

V1/NR is the theoretical metering voltage used to measure the error in RCF and phase angle for
both the compensated and uncompensated metering voltages.
Referring to the phasor diagram shown in figure 6.3 and using the law of cosines, the
uncompensated phase angle error, γ, can be calculated.
∆𝑉12 = 𝑉12 + 𝐸12 − 2𝑉1 𝐸1 cos 𝛾
2𝑉1 𝐸1 cos 𝛾 = 𝑉12 + 𝐸12 − ∆𝑉12
𝑉12 + 𝐸12 − ∆𝑉12
cos 𝛾 =
2𝑉1 𝐸1
𝛾 = 𝑎𝑟𝑐𝑐𝑜𝑠 (

6.2.1

(6.12)

𝑉12 + 𝐸12 − ∆𝑉12
)
2𝑉1 𝐸1

Compensating Impedance
It has been shown in section 4.2 that applying a load across the power winding creates a

reflected voltage drop, V’R1 and V’X1 across the primary resistance and reactance. The voltage
compensator must re-create these two voltages by means of compensating current Ic flowing
through compensator resistance and reactance, Rc and Xc, and add them to the metering circuit.
That is:
′
′
𝑉𝑅1
= 𝐼𝑐 × 𝑅𝑐 𝑉𝑋1
= 𝐼𝑐 × 𝑋𝑐

(6.13)

The compensating current can be found by:
𝑁𝐶1
) × 𝐼𝐿
(6.14)
𝑁𝐶2
are the primary and secondary turns of the compensator current
𝐼𝑐 = (

Where NC1 and NC2

transformer. Therefore, Rc and Xc can be found by:
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6.2.2

𝑅𝑐 = (

𝑁𝑚 × 𝑁𝑝
𝑁𝐶2
)×(
) × 𝑅1
𝑁𝐶1
𝑁12

(6.15)

𝑋𝑐 = (

𝑁𝑚 × 𝑁𝑝
𝑁𝐶2
)×(
) × 𝑋1
𝑁𝐶1
𝑁12

(6.16)

Current Transformer
The current transformer (CT) creates a compensating current, Ic. It is this current that

generates the correcting voltage, Vc, as it passes through the compensating reactance Xc and
resistance Rc. The power winding load current, IL, is the effective primary current that drives this
CT. When designing the current transformer for the voltage compensator, there are a couple of
assumptions made to simplify the design. The first of the assumptions is the number of primary
turns on the current transformer. For the current transformer, the number of primary turns is
assumed to be one. This is based on the notion that the simplest method for attaching the current
transformer to the power winding is by slipping the current transformer over the power bushing.
This would set the primary turns of the current transformer to one. The second assumption is the
output current of the current transformer. Based on the Kuhlman Electric Instrument Transformer
design manual [14], when designing a current transformer, it is best to have a winding with
between 100 and 200 ampere-turns. Assuming an output current of between 5 to 10 amps, this
would allow the number of secondary turns to be between 20 to 40 turns. This provides a good
range of turns to set the required accuracy of the current transformer.
6.2.3

Design of Voltage Compensator
To begin designing the components of the voltage compensator, it is necessary to obtain

the technical data from the transformer for which the voltage compensator will be constructed. By
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using the accuracy data recorded in table 5.2 and the transformer parameters, values for the current,
Ic and impedance, Rc and Xc, of the voltage compensator can be calculated. Figure 6.4 contains the
spreadsheet with the calculations performed for the components of the voltage compensator.

Figure 6.4

Calculations for components of the voltage compensator
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Based on the calculations shown in figure 6.4, the voltage compensator will consist of a
current transformer with a ratio of 125:5 and an inductor with an impedance, Zc, of 6.7620 Ω.
There is a limiting criterion for the current transformer that must be considered. For the Current
transformer to be able to slip over the power winding bushing on the SSVT, the diameter of the
CT window must be greater than the bushing. For the SSVT used in this study, the diameter of the
power winding bushing was found to be 2 inches.
With the design specifications complete, the construction of the current transformer and
inductor were outsourced to a transformer manufacture. Figure 6.5 shows the completed current
transformer (left) and the inductor (right).

Figure 6.5

Current transformer (left) and inductor (right) of the voltage compensator
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CHAPTER VII
MEASUREMENTS OF COMPENSATED TRANSFORMER
Based on the design data calculated in section 6.2.3, the accuracy for the SSVT with the
voltage compensator installed can be calculated to see if the accuracy meets the requirements.
7.1

Calculated accuracy measurements with voltage compensator installed
The current flowing through the metering winding is negligible. This assumes that the

metering burden is a high impedance. Based on this assumption, the total effective burden across
the secondary of the compensation CT can be viewed as the compensating impedance.
The accuracy of the current transformer was checked against a SNA to determine the RCF
and phase angle error, β, of the compensating current, Ic. The accuracy results can be used to
calculate the complete error of the metering voltage with simultaneous loading of the power
winding.
𝐼𝑐 = (

𝑁𝑐1
1
) 𝐼𝐿 (
)
𝑁𝑐2
𝑅𝐶𝐹𝐶𝑇

(7.1)

RCFCT is the ratio correction factor for the current transformer.
𝑧𝑐 = √𝑅𝑐2 + 𝑥𝑐2

(7.2)

Vc = Ic Zc

(7.3)

Using the phasor Em from figure 4.6 and setting it as the “X axis, Vc can be separated into
individual components, X and Y:
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𝑉𝑥 = 𝑉𝑐 cos(𝜃𝑐 −∝𝑐 )

(7.4)

𝑉𝑌 = 𝑉𝑐 sin(𝜃𝑐 −∝𝑐 )

(7.5)

∝𝑐 = 𝜃𝐿 + 𝛽

(7.6)

Where

𝑋𝑐
)
𝑅𝑐

𝜃𝑐 = 𝑎𝑟𝑐𝑡𝑎𝑛 (

(7.7)

To derive the RCF while employing the voltage compensator, it is necessary to calculate
the magnitude of the metering voltage Vm.

𝑉𝑚 = √(𝐸𝑚 + 𝑉𝑥 )2 + 𝑉𝑦2

(7.8)

Therefore, the compensated RCF can be found by:

𝑅𝐶𝐹 = (

𝑉1
) /𝑉𝑚
𝑁𝑅

(7.9)

Referring to the phasor diagram shown in figure 4.6, the phase angle error of V m can be
seen to be the difference between angles ∝𝑚 and γ. Phase angle ∝𝑚 can be calculated using the
law of cosines.
2
𝑉𝑐2 = 𝑉𝑚2 + 𝐸𝑚
− 2𝑉𝑚 𝐸𝑚 cos ∝𝑚
2
2𝑉𝑚 𝐸𝑚 cos ∝𝑚 = 𝑉𝑚2 + 𝐸𝑚
− 𝑉𝑐2
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(7.10)

2
𝑉𝑚2 + 𝐸𝑚
− 𝑉𝑐2
cos ∝𝑚 =
2𝑉𝑚 𝐸𝑚

∝𝑚 = arccos (

2
𝑉𝑚2 + 𝐸𝑚
− 𝑉𝑐2
)
2𝑉𝑚 𝐸𝑚

𝛾𝑐 = 𝛾 −∝𝑚

(7.11)

From examining the phasor diagram in figure 4.6, it easy to see how the metering voltage accuracy
has shifted away from Em and more towards V1/NR due to the compensating voltage, Vc.
Figure 7.1 contains the spreadsheet with the compensated accuracy calculations. Table 7.1
shows the calculated metering accuracy at 0, Y and Z burdens with a 5kVA load simultaneously
applied to the power winding.
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Figure 7.1

Metering winding accuracy calculations

Table 7.1

Calculated metering winding accuracy with voltage compensator installed and load
applied to power winding
Burden
0 - VA
Load
(kVA)
1
5

Y - 75 VA

Z - 200 VA

RCF

PA

RCF

PA

RCF

PA

0.9988
0.9989

-0.2
-0.7

0.9991
0.9992

-0.3
-1.0

0.9994
0.9995

-0.9
-1.4
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With the accuracy calculated, the next step is to plot the data to determine if the accuracy
requirements are met. Figures 7.1 and 7.2 show the parallelogram with the calculated data plotted.

Figure 7.2

Calculated metering winding accuracy with voltage compensator and 1 kVA load
across power winding
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Figure 7.3

Calculated metering winding accuracy with voltage compensator and 5 kVA load
across power winding

All of the calculated data points from 0 to 100kVA can be found in Appendix B1.

7.2

Accuracy Measurement with voltage compensator installed
With the voltage compensator installed on the SSVT, the accuracy tests were repeated in

the same manner as outlined in clause 5.1.2 of chapter 5. The SSVT was connected to the
accuracy measurement circuit as shown in figure 7.1.
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Figure 7.4

Accuracy circuit with voltage compensator and load across power winding

Loads of 1kVA and 5kVA were applied to the power winding and the accuracy measurements
were made on the metering winding at 0, Y and Z burdens. Table 7.2 presents the recorded data
from the accuracy tests.
Table 7.2

Measured metering winding accuracy with voltage compensator installed and load
applied to power winding
Burden
Y - 75 VA

0 - VA
Load
(kVA)
1
5

Z - 200 VA

RCF

PA

RCF

PA

RCF

PA

0.9989
0.9989

-0.3
-0.7

0.9991
-.9992

-0.5
-1.1

.9993
0.9995

-0.7
-1.5
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With the accuracy measured, the next step is to plot the data to determine if the accuracy
requirements are met. Figures 7.4 and 7.5 show the parallelogram with the measured data plotted.

Figure 7.5

Measured metering winding accuracy with voltage compensator and 1 kVA load
across power winding
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Figure 7.6

Measured metering winding accuracy with voltage compensator and 5 kVA load
across power winding

It can be seen from the parallelograms, required accuracy is achieved on the SSVT with a
voltage compensator installed while the power winding is simultaneously loaded.
It should be noted that the introduction of the compensating impedance into the metering
circuit will lower the highest burden that can be used for any accuracy class. Experience has
shown that the burdens from 0 thru Y provide the best accuracy results when using this device.
All of the measured data points from 0 to 100kVA can be found in Appendix C1.

66

CHAPTER VIII
CONCLUSION
The application of the SSVT as a mini-substation can be a very economical solution for
providing power to under developed countries throughout the world. It has been shown that the
use of the SSVT as a mini-substation has performed as described with the real example of the rural
electrification of the DR Congo and Tubares, Mexico. These same principles can be applied to
countries worldwide providing improvements in their living standards and quality of life through
rural electrification. A single standalone transformer would be able to provide the same service as
a full-size substation without the high investment, long period of time for development and a larger
footprint for construction.
For this application, there is still the need for metering capabilities. To reduce the cost of
additional metering sub-systems, a SSVT with the integral voltage compensator would provide the
necessary metering capabilities. The voltage compensator, when properly designed as described
through this research project, can provide stable metering accuracy in the metering winding while
simultaneously delivering power from the power winding.
The data, both calculated and measured, show that the voltage compensator performs as
theorized. With the voltage compensator installed, the metering winding is capable of maintaining
required accuracy while the power winding is simultaneously loaded from 0 through the rated
loading of the transformer.
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A major advantage of the voltage compensator is the ability of being installed either
externally or internally to the SSVT. The voltage compensator can either be installed in new
production SSVTs or retrofitted on SSVTs already installed in the field. This application can be
applied to any voltage class of SSVT in service
With the voltage compensator installed, the SSVT has the capacity of becoming a fully
self-contained micro-substation. Combined with a slip over bushing CT and voltage compensator,
you have everything necessary for connection to a watt-hour meter to provide revenue metering.
.
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CHAPTER IX
FUTURE WORK
In the SSVT catalog, there are various models that contain a primary winding tap. This tap
provides the ability of adjusting the secondary voltage by ±5% in 2.5% increments. This allows
the output voltage to be adjusted for variation in the primary voltage. The tap-changer concept has
two major drawbacks. The first is the manner in which the tap leads are pulled from the primary
winding. There is always a risk when breaking the primary winding to install the tap lead. The
high voltage on the primary makes it critical that the leads are properly insulated and adequate
clearances are maintained. The second drawback is in the manner for when the taps can be
changed. With the primary winding being tapped, the transformer must be de-energized before
changing the taps. This is a critical requirement. If the tap is changed while the transformer is
energized, arcing can occur in the high voltage winding leading to damage to the primary winding
insulation and gassing in the insulating oil.
It has been conceived that the same ± 5% voltage regulation can be achieved by means of
applying a low voltage tap on the secondary winding. The construction of the tap would be
different from the manner in which the high voltage tap changer made. In place of breaking the
leads to install the tap changer, extra turns would be added to the secondary winding. These turns
would be connected in series with the secondary winding in either an additive or subtractive
configuration. This would perform the same function as placing the tap on the high voltage
winding. The voltage level could be raised or lowered depending on the number of turns added to
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or subtracted from the winding. The major advantage to having the tap on the low voltage winding
is the ability to change the taps while the transformer is still energized. By adding or subtracting a
small number or turns, the voltage will be low, typically in the range of 5 to 10 volts.
This concept would work well with a voltage compensated SSVT. With the ability to have
accurate metering through the full loading of the transformer, a monitor could be attached to the
metering winding and detect when the output voltage goes above or falls below a set point. Once
the threshold has been reached, the tap changer could automatically add or subtract turns, thus
keeping the secondary voltage at the required level. This would, in simple terms, create a selfregulating stand-alone micro substation.
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APPENDIX A
METERING WINDING ACCURACY RESULTS WITH SIMULTANEOUS VA LOAD OF 0
TO 100 kVA APPLIED TO POWER WINDING IN 5 kVA STEPS
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Table A.1

Measured metering winding accuracy with simultaneous loading of the power
winding
Burden
0 - VA
Load
(kVA)
0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100

RCF
0.9987
1.0038
1.0089
1.0140
1.0191
1.0242
1.0293
1.0344
1.0395
1.0446
1.0497
1.0548
1.0599
1.0650
1.0701
1.0752
1.0803
1.0854
1.0905
1.0956
1.1007

PA
-0.1
-79.6
-159.1
-238.7
-318.2
-397.8
-477.3
-556.9
-636.4
-716.0
-795.5
-875.1
-954.6
-1034.2
-1113.7
-1193.3
-1272.8
-1352.4
-1431.9
-1511.5
-1591.0

Y - 75 VA
RCF
0.9990
1.0041
1.0092
1.0143
1.0194
1.0245
1.0296
1.0347
1.0398
1.0449
1.0500
1.0551
1.0602
1.0653
1.0704
1.0755
1.0806
1.0857
1.0908
1.0959
1.1010
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PA
-0.4
-79.9
-159.5
-239.0
-318.6
-398.1
-477.7
-557.2
-636.8
-716.3
-795.9
-875.4
-955.0
-1034.5
-1114.1
-1193.6
-1273.2
-1352.7
-1432.3
-1511.8
-1591.4

Z - 200 VA
RCF
0.9993
1.0044
1.0095
1.0146
1.0197
1.0248
1.0299
1.0350
1.0401
1.0452
1.0503
1.0554
1.0605
1.0656
1.0707
1.0758
1.0809
1.0860
1.0911
1.0962
1.1013

PA
-0.8
-80.3
-159.9
-239.4
-319.0
-398.5
-478.1
-557.6
-637.2
-716.7
-796.3
-875.8
-955.4
-1034.9
-1114.5
-1194.0
-1273.6
-1353.1
-1432.7
-1512.2
-1591.8

Figure A.1

Metering winding accuracy at 0 burden with simultaneous loading on the power
winding.
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Figure A.2

Metering winding accuracy at Y burden with simultaneous loading on the power
winding.
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Figure A.3

Metering winding accuracy at Z burden with simultaneous loading on the power
winding.
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APPENDIX B
CALCULATED METERING WINDING ACCURACY RESULTS WITH VOLTAGE
COMPENSATOR INSTALLED AND SIMULTANEOUS VA LOAD OF
0 TO 100 kVA APPLIED TO POWER WINDING IN 5 kVA STEPS

78

Table B.1

Calculated metering winding accuracy with simultaneous loading of the power
winding
Burden
0 - VA
Load
(kVA)
0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100

RCF
0.9987
0.9989
0.9991
0.9993
0.9995
0.9997
0.9999
1.0001
1.0003
1.0005
1.0007
1.0009
1.0011
1.0013
1.0015
1.0017
1.0019
1.0021
1.0023
1.0025
1.0027

PA
-0.1
-0.7
-1.3
-1.9
-2.5
-3.1
-3.7
-4.3
-4.9
-5.5
-6.1
-6.7
-7.3
-7.9
-8.5
-9.1
-9.7
-10.3
-10.9
-11.5
-12.1

Y - 75 VA
RCF
0.9990
0.9992
0.9994
0.9996
0.9998
1.0000
1.0002
1.0004
1.0006
1.0008
1.0010
1.0012
1.0014
10016
1.0018
1.0020
1.0022
1.0024
1.0026
1.0028
1.0030
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PA
-0.4
-1.0
-1.6
-2.2
-2.8
-3.4
-4.0
-4.6
-5.2
-4.8
-6.4
-7.0
-7.6
-8.2
-8.8
-9.4
-10.0
-10.6
-11.2
-11.8
-12.4

Z - 200 VA
RCF
0.9993
0.9995
0.9997
0.9999
1.0001
1.0003
1.0005
1.0007
1.0009
1.0011
1.0013
1.0015
1.0017
1.0019
1.0021
1.0023
1.0025
1.0027
1.0029
1.0031
1.0031

PA
-0.8
-1.4
-2.0
-2.6
-3.2
-3.8
-4.4
-5.0
-5.6
-6.2
-6.8
-7.4
-8.0
-8.6
-9.2
-9.8
-10.4
-11.0
-11.6
-12.2
-12.8

Figure B.1

Metering winding accuracy at 0 burden with simultaneous loading on the power
winding.

80

Figure B.2

Metering winding accuracy at Y burden with simultaneous loading on the power
winding.
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Figure B.3

Metering winding accuracy at Z burden with simultaneous loading on the power
winding.

It can be seen from the chart that the accuracy falls out of 0.3 class for the Z burden at 95 and
100 kVA.
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APPENDIX C
MEASURED METERING WINDING ACCURACY RESULTS WITH VOLTAGE
COMPENSATOR INSTALLED AND SIMULTANEOUS VA LOAD OF
0 TO 100 kVA APPLIED TO POWER WINDING IN 5 kVA STEPS
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Table C.1

Measured metering winding accuracy with simultaneous loading of the power
winding
Burden
0 - VA
Load
(kVA)
0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100

RCF
0.9987
0.9989
0.9991
0.9993
0.9995
0.9997
0.9999
1.0001
1.0003
1.0005
1.0007
1.0009
1.0011
1.0013
1.0015
1.0017
1.0019
1.0021
1.0023
1.0025
1.0027

Y - 75 VA
PA

RCF
0.9990
0.9992
0.9994
0.9996
0.9998
1.0000
1.0002
1.0004
1.0006
1.0008
1.0010
1.0012
1.0014
10016
1.0018
1.0020
1.0022
1.0024
1.0026
1.0028
1.0030
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PA
-0.4
-1.0
-1.6
-2.2
-2.8
-3.4
-4.0
-4.6
-5.2
-4.8
-6.4
-7.0
-7.6
-8.2
-8.8
-9.4
-10.0
-10.6
-11.2
-11.8
-12.4

Z - 200 VA
RCF
0.9993
0.9995
0.9997
0.9999
1.0001
1.0003
1.0005
1.0007
1.0009
1.0011
1.0013
1.0015
1.0017
1.0019
1.0021
1.0023
1.0025
1.0027
1.0029
1.0031
1.0031

PA
-0.8
-1.4
-2.0
-2.6
-3.2
-3.8
-4.4
-5.0
-5.6
-6.2
-6.8
-7.4
-8.0
-8.6
-9.2
-9.8
-10.4
-11.0
-11.6
-12.2
-12.8

Figure C.1

Metering winding accuracy at 0 burden with simultaneous loading on the power
winding.
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Figure C.2

Metering winding accuracy at Y burden with simultaneous loading on the power
winding.
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Figure C.3

Metering winding accuracy at 0 burden with simultaneous loading on the power
winding.

It can be seen from the chart that the accuracy falls out of 0.3 class for the Z burden at 95 and
100 kVA
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